Based on the experimental study of the optical properties of K 2 Ti 6 O 13 doped with Fe or Ag, their electronic structures and optical properties are studied by the first-principles method based on the density functional theory (DFT). The calculated optical properties are consistent with the experiment results. K 2 Ti 6 O 13 doped with substitutional Fe or Ag has isolated impurity bands mainly stemming from the hybridization by the Fe 3d states or Ag 4d states with Ti 3d states and O 2p states and the band gap becomes narrower, the absorption edge of K 2 Ti 6 O 13 thus has a clear red shift and the absorption of visible light can be realized after doping. For Fe-doped K 2 Ti 6 O 13 , the impurity bands are in the middle of the band gap, suggesting that they can be used as a bridge for valence band electrons transition to the conduction band. For Ag-doped K 2 Ti 6 O 13 , the impurity bands form a shallow acceptor above the valence band and can reduce the recombination rate of photoexcited carriers. The experimental and calculated results are significant for the development of K 2 Ti 6 O 13 materials that have absorption under visible light.
I. INTRODUCTION
During the past decades, semiconductor-based photocatalysis has received a lot of attention [1] [2] [3] , since it is a promising eco-friendly technology to solve the environmental pollution and energy shortage by utilizing solar energy. However, the photoreaction efficiency of the most reported materials is very low, and is only active in ultraviolet region [4, 5] . Moreover, the fast recombination of electrons and holes in the catalyst still remains a tricky problem [6] . Therefore, how to effectively utilize sunlight with suppressed electron-hole recombination is the most important subject for developing these materials as a photocatalyst. To improve the photoreaction efficiency, many approaches have been designed [7] [8] [9] [10] [11] [12] . Among them, metal elements doping is considered as one of the most effective methods [13, 14] . Furthermore, transition metal doping gets more and more attention due to the unique d electronic configuration of transition metals, which can narrow the band gap or insert a new band into the band gap, and thus extends the absorption edge of photocatalysis to visible light region [15] [16] [17] [18] [19] .
Nowadays, potassium hexatitanate (K 2 Ti 6 O 13 ) has attracted growing attention because of its high perfor-mance [20] and low synthesis cost [21, 22] . In K 2 Ti 6 O 13 crystal, potassium ions are located in the tunnel space formed by a 3D arrangement of TiO 6 octahedra [23] . K 2 Ti 6 O 13 has various applications [24, 25] , especially as a photocatalyst [26] [27] [28] [29] . However, K 2 Ti 6 O 13 has a wide band gap of 3.45 eV and shows photocatalytic activity only under UV-light irradiation [30] . Therefore, it is necessary to extend the spectral response of K 2 Ti 6 O 13 to visible light by doping transition metals. It is noteworthy that there are many experimental and theoretical reports about 3d transition-metal doping such as iron doping [31] [32] [33] [34] and 4d transition-metal doping such as silver doping [35] [36] [37] that can shift the optical absorption from UV light to the visible-light region. Inspired by these works, we prepared pure, Fe-doped and Ag-doped K 2 Ti 6 O 13 and studied their optical properties. To understand our experimental results, we designed computational models of pure, Fe-doped and Agdoped K 2 Ti 6 O 13 (Fe or Ag atom substitutes for the Ti atom). The band structure, density of states, the imaginary part ε 2 (ω) of dielectric function and the absorption spectrum of them were studied by the first-principles pseudoptential plane-wave method based on the density functional theory (DFT). The calculated optical results basically agree with our experimental research. Most importantly, the Ag-doped K 2 Ti 6 O 13 exhibits higher visible-light photocatalytic efficiency than the pure and Fe-doping cases. The current results are useful for designing K 2 Ti 6 O 13 related materials that have absorption under visible light. [38] , Ag + (1.26Å) [39] , and Ti 4+ (0.68Å) [38, 39] are similar, Fe atom and Ag atom tend to replace Ti atom after doping. Previous studies showed that Fe atom is doped into the TiO 2 lattice and replaces Ti atom by sol-gel method [31, 40] and Ag atom also replaces Ti atom [39] . Considering the process of our material preparation, we believe that Fe and Ag atoms have replaced some Ti atoms in K 2 Ti 6 O 13 .
The morphology of synthesised samples are observed by scanning electron microscope (SEM) analysis. After Fe or Ag doping, it can be observed that the radii and lengths of potassium titanate nanowires have increased. In energy dispersive spectrometer (EDS) patterns, Ti, O, and K elements could be observed, which is consistent with the elements of K 2 Ti 6 O 13 . In addition, The UV-Vis spectra for the three samples are shown in FIG. 4(b) , one Ti atom is replaced by one Fe or Ag atom for the doping cases. The properties of pure, Fe-doped, and Ag-doped K 2 Ti 6 O 13 are calculated by using the CASTEP code in the Materials Studio software [41] . We first optimized the crystal structures using the GGA functional PW91 [41] . We then calculated their band structures, density of states (DOS), the imaginary parts ε 2 (ω) of dielectric function and the absorption spectra. In the geometry optimization, the convergence tolerance of maximum displacement, maximum force, maximum stress, and total en- for Ag. In optical properties calculations, "scissors operator" [43] is introduced due to the fact that the band gap calculated by GGA methods is generally underestimated. The optical properties of a semiconductor are mainly determined by its electronic structure, so the nature of light absorption would be found by studying the relationship between the electronic structures and the optical properties of pure, Fe-doped, and Ag-doped K 2 Ti 6 O 13 .
B. Crystal structure
By optimizing the pure K 2 Ti 6 O 13 supercell, we get the lattice parameters as shown in Table I ion. In contrast, for the Ag-doped K 2 Ti 6 O 13 , the lattice parameters and the volume become larger due to the bigger radius of silver ion than that of titanium ion. The changes in the lattice parameters after doping are consistent with the results of our XRD analysis.
C. Band structure
The calculated band structures of pure, Fe-doped, and Ag-doped K 2 Ti 6 O 13 are depicted in FIG. 5. The calculated band gap of pure K 2 Ti 6 O 13 is 2.834 eV, which is similar to the previous result [45] . But it is underestimated compared with the experimental E g =3. 45 eV [30] due to the well-known shortcoming of DFT [46, 47] . As shown in FIG. 5 (b) and (c), the Fe-doped and Ag-doped K 2 Ti 6 O 13 both have three impurity bands in the forbidden band.
The calculated band gap of Fe-doped K 2 Ti 6 O 13 is 2.502 eV. By comparing FIG. 5 (a) and (b) , it is seen that both the conduction band and valence band move down after Fe doping (the conduction band moves down by 1.455 eV and the valence band moves down by 1.123 eV). On one hand, the band gap is narrowed by about 0.332 eV, resulting that the photoresponse range of K 2 Ti 6 O 13 extends to the visible-light region. On the other hand, the width of the impurity bands is only 0.209 eV, which makes it difficult for the electrons excited from the valence band to the intermediate impurity level to return back to the valence band. Thus, the impurity bands can act as a bridge for valence band electrons transition to the conduction band. Electrons can be firstly excited by low-energy photons to impurity bands and then sequentially absorb photons to transfer to the conduction band. The photon absorption energy of Fe-doped K 2 Ti 6 O 13 are reduced, which appears as the absorption of visible light. The calculated band gap of Ag-doped K 2 Ti 6 O 13 is 2.829 eV as shown in FIG. 5(c) . Comparing FIG. 5 (a) and (c), the conduction band and valence band also both move down after Ag doping, the conduction band moves down by 0.608 eV and the valence band moves down by 0.603 eV. Thus, the gap of Ag-doped K 2 Ti 6 O 13 also becomes a little narrower. The impurity bands are located just above the valence band maximum (VBM) which form a shallow acceptor because the distance is very small between the impurity bands and the VBM. The impurity bands can reduce the recombination rate of electrons and holes.
D. Density of states
The DOS plots for pure, Fe-doped, and Ag-doped K 2 Ti 6 O 13 are shown in FIG. 6 . From FIG. 6(a) , it can be seen that the valence band is dominated by the O 2p states and the conduction band is mainly formed by the Ti 3d states. On the other hand, the Ti 3d states have a little contribution to the valence band and the O 2p states have a little contribution to the conduction band. The K 4s states nearly do not contribute to the valence band and the conduction band. It indicates that there is a strong interaction between Ti atom and O atom. From FIG. 6 (b) and (c) , the VB and CB are mainly formed by O 2p states and Ti 3d states, and the impurity bands are formed by the hybridization of O 2p states and Ti 3d states with Fe 3d states or Ag 4d states. The positions of the CB and VB both move down after doping, agreeing with the calculated results of the band structure. From FIG. 6(b) 
E. Imaginary part ε2(ω) of dielectric function
For the calculations of dielectric function, the scissors operator is set as 0.616 eV due to the differences between the calculated band gap (2.834 eV) and the experimental band gap (3.45 eV). As shown in FIG. 7 , for pure K 2 Ti 6 O 13 , the ε 2 (ω) is nearly zero below 3.30 eV. After Fe or Ag doping, however, there are finite values for ε 2 (ω) and there are also some peaks. These peaks may stem from the impurity bands, which play a bridge role in the process of the electronic transition. Compared with the DOS in FIG. 6 , the distances between the impurity bands and the VB or CB are small, so the electrons in these impurity bands only need small photon energy to be excited and would have finite absorption in the visible-light region.
F. Absorption spectra
In order to compare with the experimental result, we plot the absorption coefficient as a function of wavelength in FIG. 8 , which is also corrected by scissors operator. The absorption spectrum of pure K 2 Ti 6 O 13 is basically consistent with that of our experiment and previous reports [25, 30] , which also proves the rationality and correctness of our calculation method. It can be seen from FIG. 8 that the absorption coefficients of Fe-doped and Ag-doped K 2 Ti 6 O 13 have an obvious red-shift compared with that of pure K 2 Ti 6 O 13 , especially for the Ag-doped case. The absorption intensity is enhanced in the visible light region and the absorption intensity in UV light is slightly weak after doping, which are in good agreement with the experimental results. For Fe doping, the absorption peak occurs in the range of 450 nm to 500 nm in both experimental and calculated research, being consistent with the peak of ε 2 (ω) in the range of 2.5 eV to 3.0 eV. By comparing with the electronic structure in FIG. 5(b) and  FIG. 6(b) , we think it may originate from the transition of the electron from the impurity bands to the conduction bands. However, the red-shifted values of calculated absorption edges are smaller than those of experimental results. This phenomenon may be because that only direct transition and first-order excitation between occupied and unoccupied states are considered in calculation. Besides, phonons and their optical effects have been neglected, and the nonlocal nature of the GGA exchange-correlation functionals is not taken into account when evaluating the matrix elements. Therefore, the computational result cannot perfectly reproduce the experimental results. However, the computational results can give a qualitative explanation and prediction.
IV. CONCLUSION
In summary, the electronic structure and optical properties of pure, Fe-doped, and Ag-doped K 2 Ti 6 O 13 were calculated by the first-principles pseudoptential plane-wave method based on the density functional theory (DFT). The doping effects on the electronic structure and optical properties of K 2 Ti 6 O 13 were analyzed. The calculated optical results basically agree with our experimental research. Most importantly, the Ag-doped K 2 Ti 6 O 13 exhibits higher visible-light photocatalytic efficiency than the pure and Fe-doping ones. Based on the results, the following conclusions have been drawn. Firstly, K 2 Ti 6 O 13 doped with Fe has isolated impurity states in the middle of the band gap, which can be used as a bridge for electron transition from the valence band to the conduction band. Whereas K 2 Ti 6 O 13 with Ag doping has shallow acceptor states above the top of the VB. These impurity bands are mainly from the hybridization by Ag 4d states with Ti 3d states and O 2p states. It is very useful to separate photoexcited electron-hole pairs and improve the photocatalytic properties. Secondly, after doping, the band gap of K 2 Ti 6 O 13 becomes narrower. Thus, the absorption spectra exhibit obvious red-shifted absorption band edge. The calculated results qualitatively agree with our experimental results. Our results can be used to tune the optical properties of K 2 Ti 6 O 13 in visible-light region.
